ABSTRACT: The effect of colony size and age on growth and sexual reproduction was examined by taking small-sized fragments from large mature donor colonies of Goniastrea aspera and Favites chinensis. Both species are massive colonial corals in the family Faviidae. Monopolyp and oligopolyp (5 to 8 polyps) fragments were established. The fragments were cultured in running seawater aquaria for 22 mo, and growth and gamete production were measured. In both species, monopolyp fragments had higher growth rates than oligopolyp fragments. F. chinensis had higher growth rates than G. aspera in both fragment sizes. Polyps tended to bud when there was open space, and smaller colonies had higher growth rates, probably because the polyps of smaller colonies had more open space. In G. aspera, both the monopolyp and oligopolyp fragments produced gametes, whereas in F. chinensis, neither type of fragment produced gametes. These results suggest that sexual maturity is determined by colony age in G. aspera and by colony size in F. chinensis. Our results also suggest that polyps are integrated at the colony level. Polyp integration activity in a colony may be determined by the age of the colony in G. aspera and by the size of the colony in F. chinensis, likely maximizing colony fitness.
INTRODUCTION
Colonial corals are composed of interconnected building modules (polyps), which are ultimately derived by asexual budding from a common larval ancestor that was a product of sexual reproduction (Hughes & Connell 1987) . A colony can survive when some polyps in the colony die. Therefore, partial mortality of a colony occurs in colonial corals and distorts the positive relationship between colony size and colony age, the latter being measured as time since the establishment of the first polyp of a colony (Hughes & Jackson 1980 , 1985 . As a result, estimating colony age from colony size is difficult in colonial animals (Babcock 1991 , Muko et al. 2001 , Bone & Keough 2005 ). In contrast to studies on solitary animals, therefore, aspects of age dependence in population dynamics and life histories have been less studied in colonial animals. Instead, colony size has been believed to be more important in understanding the population dynamics and life histories of colonial corals (Hughes & Jackson 1980 , 1985 . However, several studies have suggested the importance of the combined effects of colony size and age (e.g. Hughes & Connell 1987) . To more precisely reveal the effects of colony age and size on life history traits, further experimental analyses are required.
Colonial corals can be divided into fragments that can then survive and grow. By taking fragments of different sizes from a donor colony, colonies of the same age but of different size can be experimentally established (e.g. Okubo et al. 2007 ). Connell (1973) proposed that the relative importance of colony size on energy allocation to the productions of gametes could be tested by dividing a large mature colony into smaller fragments of different sizes. To date, this method has been employed in 2 studies on faviid corals. One study of Goniastrea favulus found that colony size was primarily responsible for the onset of gametogenesis, but colony age also influenced polyp fecundity (Kojis & Quinn 1985) . The other study, on Montastrea annularis, demonstrated that only colony size affected the ability of colonies to reproduce sexually (Szmant-Froelich 1985) . These 2 studies suggest that colony age and size affect sexual reproduction in some coral species, while only colony size matters in others. Whether polyps of a colonial coral are integrated at the colony level may also be tested by experimentally changing colony size. Two views exist about the integration of polyps in colonial corals: the polyps respond individually just to their microenvironment (e.g. Soon & Lang 1992) , and polyp function is integrated at the colony level (e.g. Loya 1976b ).
To examine the effects of colony age and size on the life history traits of colonial corals, the survival and growth of colonies should be followed in addition to sexual reproduction. Organisms allocate their resources to major life history traits (i.e. survival, growth, and reproduction) to maximize their fitness (e.g. Sibly & Calow 1986). Traditional life history theories often focus on an organism's age at maturity, since this is pivotal in life history evolution (Roff 1992 , Stearns 1992 . Other things being equal, earlier reproduction represents greater fitness, but when survival is high, the benefits of larger size begin to predominate. Therefore, in Goniastrea favulus, which produced gametes even when colony size was reduced (Kojis & Quinn 1985) , growth of the fragments (i.e. the average budding rate of polyps constituting the fragment) may have decreased. In contrast, in Montastrea annularis, which did not produce gametes when the colony size was reduced (Szmant-Froelich 1985) , growth may not have been reduced. Unfortunately, both studies only quantified sexual reproduction and not growth.
Our study was undertaken to address 2 goals. Our first aim was to determine the relative importance of colony size and colony age on sexual reproduction in faviid corals. The second purpose was to reveal the pattern of resource allocation between growth and sexual reproduction using experimentally generated fragments. To address these questions, we took small-sized fragments from large, mature donor colonies and measured the growth (increase in polyp number) and gamete production of the fragments. The fragments are considered small colonies in this study, but the colony age is older than for same-sized colonies produced naturally by sexual reproduction (Szmant-Froelich 1985) .
We focused on 2 colonial coral species, Goniastrea aspera and Favites chinensis, both of which are common in intertidal habitats in Okinawa, Japan (K. Sakai unpubl. data). These 2 faviid corals are morphologically similar (Veron 2000) . Both exhibit a massive colonyform cerioid polyp arrangement. The budding of the polyps in the central part of the colony is intratentacular (Nishihira & Veron 1995) . One apparent difference between the 2 species in the field is their colony size, which is an important species-specific character that correlates with many reproductive traits (Soong 1993) . The maximum mean diameter of G. aspera colonies is ≈50 cm, while that of F. chinensis colonies is >100 cm at our study sites. The maturation colony size of G. aspera is 60 polyps at the study site (Sakai 1998a) , but there are no data for F. chinensis, since small colonies are very rare at the study site (K. Sakai unpubl. data). Because colony size is expected to affect other life history traits, such as resource allocation between growth and reproduction, we explored the effect of speciesspecific size differences on the life history traits of 2 species co-occurring in a similar physical environment.
MATERIALS AND METHODS
Experimental settings. Samples were taken from 10 large mature colonies of Goniastrea aspera from Bise and 10 colonies of Favites chinensis from Sesoko, Okinawa, southern Japan, using a hammer and chisel. Each colony was divided into 4 fragments of 2 sizes: 2 monopolyp fragments, and 2 oligopolyp (with 5 to 8 polyps) fragments. In total, 20 monopolyp and 20 oligopolyp fragments were prepared from 10 donor colonies for each species. The fragments were cut from nonmarginal positions on the donor colonies because marginal polyps are nonreproductive (Hall & Hughes 1996 , Sakai 1998a ). In the oligopolyp fragments, 1 nonmarginal polyp was entirely surrounded by 4 to 7 marginal polyps. The fragments were transplanted onto limestone plates (15 × 12 × 3 cm). Fragments were fixed in holes drilled into the limestone plates with underwater epoxy glue (Konishi Underwater Epoxy E380). The diameter of each hole was slightly larger than the diameter of the fragments, and the height of all fragments was almost the same on all plates.
One monopolyp fragment and 1 oligopolyp fragment from each of 2 donor colonies of the same species were transplanted onto the same plate. The combination of the donor colonies was haphazardly determined. We made a total of 80 fragments from 10 colonies of 2 species. The fragments were held in a tank with unfiltered running seawater at Sesoko Station, University of the Ryukyus, Japan.
Growth and sexual reproduction. We counted the number of polyps in the fragments at monthly intervals from 17 August 2003 to 7 June 2005. We used the polyp budding rate to assess fragment growth. The growth rate was calculated as (number of new polyps)/(initial number of polyps). When polyps were newly formed, intra-or extratentacular budding mode was recorded.
Spawning of Goniastrea aspera and Favites chinensis occurs between 21:00 h and 23:00 h, 3 to 5 d and 5 to 7 d after the full moon in June and July, respectively in Okinawa (Heyward et al. 1987 , Hayashibara et al. 1993 , Sakai 1997 . We observed spawning of fragments of both species from 1 d before to 2 d after the predicted dates of spawning in 2004. Five of 10 plates were randomly selected for each species; each plate was placed in an individual bucket filled with seawater at 19:00 h. At 24:00 h, the buckets were examined for gametes. Five large mature colonies of each species were collected from the reefs at the same location where the donor colonies had been collected 6 to 9 d before the initiation of spawning in each month. The mature colonies were placed in a holding tank, and their spawning activity was monitored.
To assess egg production, all fragments were fixed in 10% formalin in seawater 2 to 4 d before the predicted date of spawning in 2005. The fragments were fixed in formalin for at least 24 h and decalcified in a solution of 5% formalin + 5% formic acid. The decalcified fragments were preserved in 70% alcohol. In addition to the fragments, about 20 polyps were cut from 5 mature colonies collected from the field 2 to 4 d before the predicted date of spawning. These polyps were cut from nonmarginal positions on the donor colonies (see 'Experimental settings'). These polyps from the field were processed in the same way as the experimental fragments. The polyps were cut from decalcified specimens. For each polyp, the maximum and minimum diameters at the oral side and the height were measured to the nearest 0.1 mm. Polyp volume, which was assumed to represent polyp somatic biomass, was estimated as k × π × (maximum diameter/2) × (minimum diameter/2) × height, where k ranged from 1/3 (conical) to 1 (cylindrical). The value of k was subjectively determined for each polyp according to its shape. Each polyp was dissected under a binocular dissecting microscope, and the number of mesenteries per polyp was recorded. Gonad volume was estimated for 5 randomly selected mesenteries in each polyp. The gonads of both species were elliptical. The projected area of the gonad was measured from an image taken with a digital camera mounted on a stereoscopic microscope. The image was transferred to a computer, and the area was measured using Sigma Scan Pro (SPSS). Gonad height was measured with a micrometer under a stereoscopic microscope. The volumes of the gonads were estimated as (projecting area) × (height of gonad). Fecundity was quantified as (estimated total volume of gonad per polyp)/(estimated polyp volume). Although all polyps of the fragments were divided from nonmarginal positions on the donor colonies, the polyps were grouped according to their positions on the fragments. The groups were designated as (1) OM, polyps that were originally marginal on the experimental fragment, (2) OI, polyps that were originally interior in the experimental fragment, (3) BM, polyps that budded after the fragments were cut and were marginal on the experimental fragment at the end of experiment, and (4) BI, polyps that were budded after the fragments were cut, and were interior on the experimental fragment at the end of the experiment (Fig. 1) . Only OM polyps were used to analyze polyps that were present when the transplant was initiated fecundity, because the polyps play different roles according to their positions within a colony (Sakai 1998a) . Statistical analyses. Because of mortality, the number of surviving fragments derived from the same donor colony varied at the end of the experiment, which caused the data to be unbalanced. To avoid pseudoreplication, we calculated mean growth rate and mean gamete production across (if any) 2 fragments derived from the same donor colony, and used the means for monopolyp and oligopolyp fragments from the same donor colony as the experimental unit in the following analyses (see Hurlbert 1984) . We analyzed mean growth rate as a split-plot design with Species (Goniastrea aspera versus Favites chinensis) as the between-subject factor, Size (initial colony size; monopolyp versus oligopolyp) as the within-subject factor, and Colony nested within Species as a random effect. Due to mortality, some cells in our data set are empty in the sense that all same-sized fragments from some colonies died in the course of the experiment, and thus moment-based methods of analysis could not be used to test our hypotheses of interest (Searle 1987) . Instead, we used the residual maximal likelihood (REML) method, which is effective for data sets with some random empty cells (Little & Rubin 1987) . Similarly, mean gamete production for G. aspera was analyzed with a 2-way crossed ANOVA, with Size as a fixed factor and Colony as a random effect based on the REML method.
In the growth rate of a monopolyp fragment of Goniastrea aspera, an outlier was detected using Grubbs' test (p < 0.05; Grubbs 1969 , Stefansky 1972 ; this outlier was not included in the analysis (see Fig. 2, arrow) .
RESULTS

Growth rate
Monopolyp fragments had significantly higher growth rates than oligopolyp fragments, and Favites chinensis had significantly higher growth rates than Goniastrea aspera regardless of the initial fragment size (Fig. 2) . Both main effects were significant, although the Species × Size interaction was nonsignificant (Table 1) .
Mode of budding
The mode of budding in relation to the original polyp positions at the start of the experiments was analyzed using the data collected from August 2003 to October 2004, because the original position of polyps was difficult to assign after October 2004 due to the large number of polyps. OI polyps of oligopolyp fragments did not bud in either species during the period. However, in both species, OM polyps in the oligopolyp fragments exhibited both modes of budding. In Goniastrea aspera and Favites chinensis, OM polyps budded both extraand intratentacularly -G. aspera: number of extratentacular buddings per polyp = 1.78 ± 0.27, intratentacular = 0.80 ± 0.23; F. chinensis: extratentacular = 3.13 ± 0.26, intratentacular = 1.26 ± 0.66.
Spawning
In 2004, spawned eggs occurred at the surface of all 5 buckets of Goniastrea aspera, in which 5 randomly selected experimental plates were placed, respectively, but eggs were found in only 1 bucket of Favites chinensis. The frequency of spawning on the experimental plates was higher in G. aspera than in F. chinensis (Fisher's exact test, p = 0.048). In contrast, all large mature colonies of both species collected from the field spawned. 
Gamete production
In Goniastrea aspera, both the fragments and the colonies collected from the field had eggs in their polyps, while only the field-collected colonies of Favites chinensis contained eggs. Therefore, gamete production could only be analyzed for G. aspera.
Total gonad volume of a polyp/polyp volume was not significantly different between the monopolyp and oligopolyp fragments for OM polyps (Table 2, Fig. 3 ).
DISCUSSION
We found that polyp budding mode and rate were affected by the availability of open space around the polyps for both Goniastrea aspera and Favites chinensis. In G. aspera, all budding in nonmarginal polyps was intratentacular, and 96% of the budding in marginal polyps was extratentacular (Sakai 1998a) . In the present study, all polyps of the transplanted fragments were taken from nonmarginal positions on the donor colonies. Therefore, we expected that all polyps would exhibit intratentacular budding if they maintained their original budding mode. However, OM polyps exhibited both intra-and extratentacular budding. In the oligopolyp fragments, OM polyps budded, but OI polyps did not. Furthermore, the monopolyp fragments had significantly higher growth rates than the oligopolyp fragments. OI polyps in the oligopolyp fragments were completely surrounded by isogenic polyps, while OM polyps in the oligopolyp fragments and the monopolyp fragments had open space around them. Thus, the availability of open space affected not only the budding mode but also the growth rate. A similar pattern was observed for F. chinensis, and the relationship between the availability of open space and budding mode appears to be the same as for G. aspera. In the Red Sea faviid coral Favia favus, polyp budding was initiated after a polyp reached an allometric threshold ratio of 2 stereotypic landmarks consisting of the surface area of the polyp and its perimeter (Gateno & Rinkevich 2003) . Although we did not measure polyp allometry, we argue that the availability of open space is also crucial for polyps to initiate budding.
Smaller colonies of Goniastrea aspera and Favites chinensis have higher colony growth rates, since polyps bud when there is open space, and polyps of smaller colonies face more open space. In colonial corals, the relative colony growth rate decreases with increasing colony size (Connell 1973 , Loya 1976a , Hughes & Jackson 1985 , Hughes & Connell 1987 , Sakai 1998b ). This negative correlation between colony size and colony growth rate can be explained by the mechanism that polyps bud when there is open space around them. In massive colonial corals such as G. aspera and F. chinensis, as colony size increases, the ratio of marginal to nonmarginal polyps decreases. Although marginal polyps may have space for budding when the colonies grow into massive forms, the proportion of polyps that face open space decreases in large colonies. Therefore, the average budding rate for polyps decreases in large colonies. The budding rate of polyps was affected by the availability of open space around the individual polyps, but we do not consider that the polyps only respond to their microenvironment. Rather, we argue that the polyps' response to open space is a mechanism the polyps employ to increase the fitness of the colony. Generally, mortality of whole colonies is high when corals are young and small (Connell 1973 , Hughes & Jackson 1980 , 1985 , Hughes & Connell 1987 , Babcock 1991 , Sakai 1998b , Smith & Hughes 1999 . However, small colonies can grow rapidly by adopting the mechanism at the polyp level. Rapid growth of small colonies confers a selective advantage of escaping whole-colony mortality, which is generally high when the colonies are small (Kojis & Quinn 1981 , Szmant 1986 , Soong 1993 .
Our results suggest that sexual maturity is determined by colony age in Goniastrea aspera, but by colony size in Favites chinensis. In G. aspera, both monopolyp and oligopolyp fragments produced gametes. Intact colonies of G. aspera mature at 60 polyps in Okinawa (Sakai 1998a For reefflat species such as G. aspera and F. chinensis, the probability of partial mortality by exposure during low tides is higher for larger colonies, because larger colonies are exposed more frequently and for longer periods of time (Babcock 1991). Hence in F. chinensis, reversible resource allocation would be advantageous, because this species could grow rapidly by allocating all resources to budding when a colony becomes smaller due to partial mortality. Our results suggest that polyp function is integrated into the fitness of the colonies in both Goniastrea aspera and Favites chinensis. Controversy has existed over whether polyp function is integrated at the colony level, and the 2 views in this debate are that polyp function is mainly determined by responses to the microenvironment, or that the function of a polyp is integrated at the colony level. As an example of the former view, Soong & Lang (1992) suggested that sexual reproduction of polyps was not integrated at the colony level, but was determined at the polyp level alone in faviid corals. In contrast to this view, oriented translocation of photosynthetic materials among polyps within a colony, i.e. intra-colonial transport of 14 C-labeled photosynthetic products towards regenerating areas ('sinks'), was experimentally confirmed in the massive corals Favia favus, Platygyra lamellina (Oren et al. 1997) , Porites sp. (Oren et al. 1998) , Lobophyllia corymbosa (Brickner et al. 2006) , and in the encrusting coral Oculina patagonica (Fine et al. 2002) . Our study supports the latter view. In G. aspera, allocation of resources to gamete production was determined by colony age, not by colony size. Polyps may be integrated at the level of a colony through age-dependent patterns of resource allocation. In contrast, in F. chinensis, allocation of resources to gamete production appeared to be determined by colony size, not by colony age. No polyps in the fragments of F. chinensis produced any eggs. If a polyp's allocation of resources to gamete production is determined by its microenvironment alone, the nonmarginal polyps of F. chinensis should have been producing gametes, because these polyps did not face open space and hence did not bud. It is possible that the resources of nonmarginal polyps were orientationally translocated to the marginal polyps, and the marginal polyps budded, using the resources for growth at the expense of gamete production. The higher growth rate of F. chinensis compared to G. aspera may be the result of the translocation of resources from nonmarginal to marginal polyps.
This study suggests that resource allocation between growth and gamete production is determined by different mechanisms in Goniastrea aspera and Favites chinensis. In G. aspera, resource allocation was determined by colony size and colony age, while in F. chinensis resource allocation was affected by colony size alone. The apparent ecological difference between these 2 species is their colony size, and colony size is expected to affect life history traits. A comparison of life history strategies between these 2 species would reveal adaptations to the same habitat by using different mechanisms of resource allocation.
